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ABSTRACT OF DISSERTATION

EFFECTS OF LOAD CARRIAGE ON SHOULDER NEUROMUSCULAR
FUNCTIONS AND RECOVERY
Load carriage is a primary source for injury occurrence among military personnel
and recreational hikers affecting all body areas. The shoulder ranks as the second or third
most common site of injuries among military personnel. Many studies report that elevations
in self-reported fatigue, soreness, and discomfort in the shoulders accompany the load
carriage. Almost 50% of military personnel experienced a load carriage injury during the
first episode of training, and 75% of those injured suffered a second injury during their
career. The goal of this research project is to investigate the components associated with
load carriage shoulder symptoms to determine which factor is a more substantial
contributor to the cause of shoulder pain and injury.
The first purpose of this dissertation was to investigate the effect of load carriage
on shoulder strength and endurance, nerve amplitude and latency, and shooting accuracy.
Experimental comparison between the neuromuscular functions before and after the load
carriage of 20.5 kg was investigated in the first and second study. The second purpose was
to determine the recovery time needed for the neuromuscular measures that were affected
with load carriage task.
The first study demonstrated that load carriage caused a significant decrement in
shoulder strength, shoulder endurance, and nerve amplitude. The second study
demonstrated that the load carriage task resulted in decreased strength, yet recovered in
thirty minutes. Similarly, a decrement in nerve amplitude resulted but recovered in five
minutes. The results of these studies suggest that load carriage mainly causes physical
fatigue which affects shoulder strength. Fatigue could compromise the ability to perform
overhead physical tasks if sufficient recovery time is not permitted.
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CHAPTER 1. INTRODUCTION
Background
Load carriage is the primary source for injury occurrence among military personnel
and recreational hikers affecting all body areas.1,2 Load carriage injury distribution was
reported in 56% of all injuries to the lower limbs, 26% for the back, and 13% for the upper
limbs.3 Load carriage injuries overall showed that marching was the most common activity
(62%) performed when injured.3 Two possible hypotheses have been proposed to explain
shoulder injury due to load carriage- nerve compression and fatigue. The overarching goal
of this research project was to investigate nerve compression and fatigue’s contribution to
shoulder pain and injury.
Epidemiological studies mostly have ranked the shoulder as the second or third
common site of injuries among military personnel.4,5 Many studies report that elevations
in self-reported fatigue, soreness and discomfort in the shoulders accompany the load
carriage.6-8 Almost 50% of military personnel experienced a load carriage injury during
the first training event, and 75% of those injured experienced a second injury during their
career.3 Shoulder injuries represented 13% (53/404) of all load carriage injuries
experienced by the military personnel.3

Currently, there is a lack of knowledge of the direct effect of load carriage on
shoulder neuromuscular functions and the mechanism of injury. Shoulder injuries account
for 27% among all injuries across the military population. Although many shoulder
injuries are traumatic, a self-reported injury analysis showed that 80% were non-
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traumatic.9 Non-traumatic injuries occur due to overuse, postural changes, and muscle
weakness,10,11 all of which can be mitigated with appropriate interventions.12 Overuse
injuries are likely the hardest to modify due to individual response to load. Military
personnel have multiple tasks that can overload the shoulder, such as combat training,
lifting, fitness training, and marching with heavy backpacks. In some operations, soldiers
required to walk long distances 10-20 km with loads up to 60 kg and then expected execute
critical military tasks at the completion of the march.1 Heavy backpacks and other
protective equipment are worn across the upper trapezius, which can compress the brachial
plexus leading to neurological symptoms of sensation and strength deficits.13,14 The
sustained load may compress the shoulder nerves and cause Neuropraxia type A. Type A
neuropraxia is described as intraneural circulatory arrest leading to a metabolic conduction
block that is immediately reversible.15-17 Backpack palsy occurs as a result of the brachial
plexus terminal branches neuropraxia primarily and nerve conduction block, commonly
involving the axillary, suprascapular, and long thoracic nerves.18 All of these nerves supply
the critical shoulder muscles, and any disturbance to their conduction will negatively affect
the motor output and potentially lead to shoulder pain or injury.
The existence of neurological impairments due to micro-trauma or inflammation
can negatively impact the muscle strength and endurance. Loss of strength and endurance
in an individual with high shoulder demand may lead to compensation and potential
symptoms of shoulder pain.1,19 The subclinical insult to the nerve could place the shoulder
at risk for rotator cuff injury. As the shoulder fatigues, superior translation of the humeral
head occurs, creating more shear forces on the articular cartilage, labrum, and rotator cuff
tissue, potentially leading to clinical symptomology and shoulder injury.11,20
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There are currently two theories explaining load carriage shoulder discomfort and
injury; nerve injury and muscle fatigue theories. Current load carriage literature is focused
on theoretical studies, 3,6,21 perception studies,7 and measurement of physical fatigue.8,22-24
Nerve injury theory hypothesized that the shoulder straps of the backpack create a traction
or compression mechanism leading to injury of the C5-C6 nerve trunks of the upper
brachial plexus. The nerve injury creates the shoulder discomfort, numbness, and in
extreme cases, paralysis.25 The muscle fatigue theory hypothesized that strenuous tasks
cause shoulder muscles to fatigue creating muscle soreness and other symptoms follow.68,21

No study to date has directly measured changes in nerve function and muscle function

before, during, and immediately after load carriage task. Previous research has measured
nerve function in backpack palsy patients after an injury has occurred.24,26 Perceived
fatigue measures following load carriage task observed diminished motor control in
decreased ability to move and shoot targets.7,27 Knee strength deficits have been measured
following prolonged load carriage.8 To date, the combined assessment of strength,
endurance, nerve function, and motor control have not been simultaneously studied prior
to and following a load carriage task in healthy individuals.

Problem
The literature has reported shoulder discomfort, pain, injuries, and neurological
symptoms associated with load carriage. There is a gap in knowledge as to what
neuromuscular insult occurs from the compressive load while wearing a backpack
compared to the same task without the backpack, and what is the duration of recovery
following an episode of wearing a backpack and walking. There is little direct knowledge
3

about the two primary mechanisms, neurological or fatigue, thought to lead to shoulder
symptoms with load carriage. Investigating both the neurological and muscular functional
changes before and following a load carriage task would allow recommendations to be
made to those individual training with heavy backpacks as to the likely mechanism
associated with shoulder symptoms when carrying heavy load carriage.

Purpose
The purpose of the study is to measure the changes occurring in the neuromuscular
system over time in response to heavy backpack carrying while walking. Secondarily, to
compare the shoulder neuromuscular changes following backpack walking with the effect
of walking alone.
Specific Aims
The overarching aim of this study is to investigate the change in shoulder
neuromuscular function as a result of load carriage. Measuring the shoulder neuromuscular
systems before and following load carriage will identify how quickly the systems recover
and to what extent each component of the system is affected. This study will help identify
the most affected shoulder structures and assist future research to reduce this effect.
Aim 1: To determine the immediate effect of backpack load on axillary nerve function,
deltoid muscle strength, endurance and functional performance of shoulder after walking
for two hours with a 20.5kg backpack at a pace of (5.6-6.5 km/h) on a treadmill, known
from this point forward as the treadmill task. The measurements will be recorded at
baseline, and after 120 minutes of walking, all the measurements will be performed with
shoulder unloaded.
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Hypothesis 1.1 We hypothesized that axillary nerve distal latency and amplitude would be
significantly less after treadmill task compared to baseline.
Hypothesis 1.2 We hypothesized to see a significant reduction in deltoid muscle strength
and endurance following the treadmill task compared to baseline.
Hypothesis 1.3 We hypothesized that shooting performance would be significantly poorer
following the treadmill task compared to baseline.
Hypothesis 1.4 We hypothesized that axillary nerve distal latency and amplitude would
recover in less than 30 minutes following the treadmill task.
Hypothesis 1.5 We hypothesized that deltoid muscle strength and endurance would recover
in less than 30 minutes following the treadmill task.
Hypothesis 1.6 We hypothesized that shooting performance would recover in less than 30
minutes following the treadmill task.

Overall we hypothesized our study would identify the effect of load carriage on
shoulder neuromuscular function following the walking task. These findings would
indicate the system that needs to be the focus of load carriage research. To test these
hypotheses, data were analyzed for normal distribution and analyzed appropriately with
non-parametric Friedman’s Test and appropriate post-hoc analysis Wilcoxon rank test
when a significant difference exists.

Aim 2: To compare the effect of walking with a 20.5kg load carriage backpack (Load
group) to walking without a backpack (No load group) for two hours. This study will
directly compare the two theories of fatigue to nerve compression, to determine which
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condition has the most significant effect on the neuromuscular system following a twohour walking task. Precisely, this study will determine the immediate effect of backpack
load while carrying an M4 rifle to No load condition on axillary nerve function, deltoid
muscle strength, endurance, and motor control performance of shoulder after walking for
two hours at a moderate pace on a treadmill (5.6-6.5 km/h). The measurements will be
recorded at baseline and after 120 minutes of walking. The order of testing was randomized
for all subjects
Hypothesis 2.1 We hypothesized that axillary nerve distal latency and amplitude would be
significantly less after the treadmill task in the load group compared to the No load group.
Hypothesis 2.2 We hypothesized to see a significant reduction in deltoid muscle strength
and endurance following the treadmill task in the load group compared to the No load
group.
Hypothesis 2.3 We hypothesized that shooting performance would be significantly poorer
following the treadmill task in the load group compared to the No load group.
Hypothesis 2.4 We hypothesized that axillary nerve distal latency and amplitude would
take a longer recovery time in the load group compared to the No load group.
Hypothesis 2.5 We hypothesized that deltoid muscle strength and endurance following
treadmill task will take a longer recovery time in the load group compared to the No load
group.
Hypothesis 2.6 We hypothesized that shooting performance will take a longer time to
recover in the load group compared to the No load group.
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Measuring recovery of these neuromuscular systems will allow this research to
identify which system is most impacted and indicate the system that needs to be the focus
of training in the future to minimize shoulder symptoms. To test these hypotheses, data
were analyzed for normal distribution and analyzed with a parametric repeated measure
two-way ANOVA and followed by Bonferroni post-hoc analysis.

Significance of the Study
Studying the effect of heavy load carriage on shoulder neuromuscular function will
help to clarify which neuromuscular components are most affected and their rate of
immediate recovery. Identifying the most affected structures and the time needed to fully
recover have applications in training especially strength and endurance training to
minimizing shoulder discomfort and potential injury. Comparing the conditions of heavy
backpack load walking to walking alone will test whether fatigue or neurological
compromise has the most significant effect on upper extremity neuromuscular function.

Operational Definitions
Treadmill Task: Walking for two hours with a (20.5kg) backpack while holding five
pounds of weight at a moderate pace on a treadmill (5.6-6.5 km/h), at zero incline.
Nerve Conduction Test: Measuring how fast and large an electrical impulse moves through
the tested nerve.
Strength Testing: Measuring shoulder abduction isometric strength in the dominant side
using a stationary dynamometer.
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Shooting Task: Using a laser gun and a bull’s-eyes target, subjects are asked to hit the
center of the target from 5 meters away. One shooting round is 10 shots within 15 seconds,
the perfect score= 100.
Daily Load Exposure: Is the weight of the subject’s daily backpack, recorded in kilograms.
Rating of Perceived Exertion (RPE): It is (0-10) scale allows individuals to subjectively
rate their level of exertion during exercise or exercise testing.
Heart Rate (HR) Percentage: The Karvonen formula used to calculate exercise heart rate
at a given percentage training intensity using the subject age, Max, and resting heart rate.
Load Carriage: The act of wearing a backpack and walking.
Central Fatigue: The state of general fatigue results from the changes in the brain and spinal
cord (unable to continue, I am tired).
Local Fatigue: The state of fatigue occurring at the muscle level, reducing the muscle
output.

Assumptions
1. All baseline measures were collected before wearing the backpack and walking.
2. Subjects were giving their best effort during testing and data collection.
3. Subjects would follow the instructions and try to avoid using the treadmill rails, chest,
and waist belts during the walking task.
4. All subjects would accurately answer the inclusion/exclusion questions, genuinely
giving their best answers.

Delimitations
1. The study only recruited healthy subjects from the ages of 18-45.
8

2. The testing time through the day was not specified.
3. No control for the caffeine intake before testing, as this might interfere with the heart
rate exertion.
4. No strategies applied to control skin temperature during NCS testing. The physical
backpack walking will change the skin temperature, and the obtained results are reflective
of the physical work performed by the subject.
5. The study only obtained the measures from the dominant side to save time, especially
since these changes are time-sensitive.
6. We only measured one nerve as representative for brachial plexus (Axillary nerve).
Other common nerves affected by backpack straps are deep and requires needles electrode,
and that showed poor repeatability.
7. The military rucksack march is a 12 miles march task during 3 hours, due to the difficulty
and recruiting purposes, we choose to measure the changes after 2 hours in which subjects
will walk between 7-8 miles.

Limitations
In this study, we tried to eliminate the uncontrolled variability between subjects that could
affect the results; limitations still occurred.
1. The rucksack march task adopted from the military settings, due to recruitment and the
feasibility of conducting research and obtaining the results from the testing measures, the
findings of this study cannot be applied directly to the military populations.
2. The shooting task results obtained using a laser gun and a target may act as an indicator
of the change in shooting accuracy, but live ammunition may show different results.
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3. Self-determination may interfere with the obtained results, especially during strength
testing.

10

CHAPTER 2. REVIEW OF THE LITERATURE
Introduction
Load carriage is a part of everyday life in the world. It is the act of carrying items
on the back with shoulder straps and walking. Items can range from carrying books,
children, to carrying heavy military technical gears, supplies and weapons. Load carriage
is an essential part of military training and an essential aspect of many missions.
However, it has been reported widely as a source of discomfort and injuries in the
military. Military personnel readiness is essential for the mission success; the existence of
an injury or discomfort will compromise mission success and the performance ability.
Available evidence indicates that load carriage contributes to lower extremities injuries,
back injuries, and to a lesser degree, the shoulder injuries. Despite a reported low
incidence of shoulder injuries associated with load carriage, the existence of such an
injury may cause a serious condition that may require up to six months for a full
recovery, clearly affecting deployment.28 Almost 50% of military personnel experienced
a load carriage injury during the first training event, and 75% of these personnel
experienced re-injury during their careers. The injury location distribution was 61% of all
injuries to the lower extremities, 27% to the back, and 9% to the upper limbs.3 It is
unknown if load carriage negatively impacts the neuromuscular structures of the
shoulder, leading to injury beyond the rare "Rucksack palsy" diagnosis. Rucksack palsy
is associated with prolonged load carriage and is a neuropraxia affecting the brachial
plexus. The accumulating impact of carrying heavy loads on the shoulders in association
with other physiological or structural factors may contribute to the incidence of nontraumatic shoulder injuries commonly reported, particularly in the military.
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The purpose of this review is to: 1) present the available injury prevalence epidemiology
in the military in the last twenty years with a focus on shoulder and load carriage, 2)
Discuss the suggested theories describing the load carriage impact on the shoulder, 3)
Discuss and present the expected outcomes of nerve deprivation and physical fatigue on
muscles, motor nerve, and physiological performance in high demand shoulder activities,
4) Present the available efforts to test the load carriage impact on the shoulder, and
identify gaps of knowledge that need further investigation, and 5) Discuss the best
approach to evaluate the two primary theories associated with load carriage injuries to fill
the knowledge gap. The goal of this line of research was to determine the more impactful
of the two theories on shoulder injuries, increasing and understanding the possible
mechanism of load carriage in creating shoulder discomfort and potential injury.
Ultimately, this research may contribute to intervention strategies that can reduce
shoulder injuries (Figure 2.1). Our initial goal was to demonstrate the problem associated
with load carriage and the suggested two theories explaining the shoulder symptoms with
load carriage, and the best approach to test the theories.

12

Figure 2.1 Literature review model showing the review flow, the
problem, theories, and injury model
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Shoulder and Load Carriage injuries Epidemiology in the Military
Research suggests that load carriage is the leading cause of injury occurrence
among military personnel, affecting all body areas (back, lower extremities, and
shoulder).1 Load Carriage injuries are an ongoing problem that has not seen any practical
solutions to reduce injury incidence rates. Epidemiological studies reflect the magnitude
of a problem and the success of the solution. In the last twenty years, shoulder injuries
were ranked highly as a common site of injury across different branches of armed forces.
Peterson et al., 2005,4 extracted and presented the injury distribution of the Navy reported
to the clinic during a three-year period from 1999 to 2002. Shoulder injuries were ranked
as the third most common injury location overall 220/1165 (18.83%). Lovalekar et al.,
2016,29 reported upper extremity as the most common injury location 24/63 (38.1%)
when they reviewed 210 navy personnel charts over a year. The shoulder was the most
frequent injury location, 15/63 (23.8%) of all the injuries. Lynch & Pallis, 2008,5
examined and defined the injury seen in a Special Forces Group during 2007.
Musculoskeletal conditions represented 41% of all the reported diagnoses that year. Out
of the 1,005 musculoskeletal conditions, shoulder injuries ranked as the third most
common location with 105/1050 (10%) injury. In this study, spine and upper extremity
diagnoses accounted for 50% of all the musculoskeletal diagnoses.
Load carriage injuries are not specific to a single activity. Orr et al., 2015,3
conducted a study with a focus on the load carriage injuries reported in the Australian
army. Load carriage injuries affected the lower limbs the most at 56% of all injuries, the
back (26%) and shoulder (13%) second and third, respectively. This study identified that
load carriage injuries associated with marching were the most common (62%), followed
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by patrolling (13%), combat training (12%), and physical training (6%).These results
confirm there is a risk of developing shoulder injuries from load carriage activities, in
particular during marching.
Shoulder injuries occur due to both traumatic and non-traumatic mechanisms.
Stahlman & Taubman, 2018,30 reported the surveillance results from the Defense Medical
Surveillance System from 2008 through 2017, included all individuals who served in the
Army, Navy, Air Force, or Marine Corps. Stahlman & Taubman examined only traumatic
injury incidents; there were more than 3.6 million traumatic injuries reported through the
ten years among 1.6 million personnel. Shoulder traumatic injuries constituted 561,197
(15.23%) of overall injuries. However, non-traumatic shoulder injuries appear to occur at
a higher rate than traumatic injuries in the military. Abt et al., 2014,9 examined selfreported injuries from 106 US Special Operation Force personnel. The analysis revealed
that 80% of all injuries were non-traumatic. Specifically, shoulder and upper injuries
accounted for 27% of all injuries. Six out of seven shoulder injuries were non-traumatic,
representing 87% of shoulder injuries. Personnel reporting overuse accounted for 1/3 of
non-traumatic injuries.
Non-traumatic shoulder injuries have accounted for 56% in Japanese Defense
Forces.31 Reviewing 8,000 medical records of Air Force, Army, Marines, and Navy
identified a high prevalence of shoulder non-traumatic injuries 54,460/66,486 (82%)
compared to traumatic injuries (18%).32 Non-traumatic injuries occur gradually over time
due to muscular and ligamentous imbalances or adaptations to an activity. A person who
is carrying a load over time may create muscular tightness or soft-tissue contractures that
alter normal mechanics of the shoulder girdle leading to pain and dysfunction. Injury to
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any of shoulder complex structures due to non-traumatic or trauma can disrupt the
interrelationship of dynamic and static stability mechanics, and increase the risk of
developing other non-traumatic injuries and pain. In the armed forces, non-traumatic
shoulder injuries account for a large percentage of all injuries, providing an opportunity
to intervene and reduce injury rates. Understanding the mechanism of load carriage nontraumatic injury will potentially recommend solutions to reduce discomfort and injury
associated with load carriage.

Load Carriage and Shoulder injury Mechanisms Theories
Shoulder nerve compression and muscular fatigue theories have been suggested to
be the two key underlying mechanisms associated with non-traumatic shoulder injuries
from load carriage. The current evidence has not clearly identified one mechanism over
the other as the primary cause. The literature is void of direct measures to specifically
support the suggested mechanisms. The nerve compression theory suggestion was
advanced with the higher incidence of Rucksack Palsy diagnosis among cadets. 21,33,34
Rucksack palsy is a brachial plexus injury mostly seen among military personnel and
hikers in association with heavy load carriage for long duration.35 Any nerve of the upper
extremity can be injured affecting both motor and sensory components. The incidence of
rucksack palsy is low being reported at 6 cases per 10,000 recruits per year in US
Army,36 5 cases per 10,000 recruits per year in the Finnish army,26,34 and 3 cases per
10,000 recruits per year in South Korean army.37 The symptoms and the risk of injury
increase with load carriage weight, time, walking speed, terrain, physical abilities, and
latitude.38 Paresthesia, sensations of numbness or tingling in the upper extremity due to
nerve irritation.35 This nerve injury can occur because of either nerve compression or
16

traction, both linked to load carriage paresthesia. Due to the lack of certainty about the
actual mechanism of nerve irritation with load carriage, the term “nerve injury” is utilized
in this review. The paresthesia symptoms reduce or fade after the load removal, but
muscular weakness may remain.35 The nerve injury theory hypothesized that the shoulder
straps of a backpack places traction on the C5-C6 nerve roots of the upper brachial
plexus. This nerve disruption directly affects the muscles of the rotator cuff, deltoid, and
biceps primarily. Nerve traction reproduces shoulder discomfort, causes numbness, and
in extreme cases, motor paralysis.25
Joseph Knapik is one of the leading researchers in load carriage injuries. He has
presented the concept of backpack straps compressing the nerve leading to shoulder
symptoms in multiple studies.1,21,25,35 The load compresses the structures under the straps
and cause nerve passing through entrapment. Interestingly, none of his previous studies
have examined nerve function before or following load carriage tasks. His theory
primarily based on reports from personnel describing sensory changes without actual
nerve conduction studies.
The second concept leading to non-traumatic shoulder injuries associated with
load carriage is physical fatigue theory. The physical fatigue theory is based on the task’s
intensity, causing shoulder muscle fatigue and soreness.6-8,21 The theory hypothesized that
heavy load adds stress to the shoulder muscles and accelerates reaching a fatigued state,
leading to symptoms of shoulder soreness and pain, soon after fatigue.6 Many studies
found that elevations in self-reported fatigue, muscle soreness, and discomfort in the
shoulders accompany the load carriage.7,8,39 Birrel et al., 2007,39 collected a subjective
discomfort questioner from 10 British Universities Officers following a two hour
17

treadmill walking task while carrying a 20 kg backpack. Results from the study showed
that the upper limb discomfort is common with load carriage. Nine out of ten participants
rated the shoulder discomfort following the load carriage as uncomfortable or higher. In
addition, the pain experienced was similar to the pain experienced with actual load
carriage training. Interestingly, the majority of the participants agreed that the discomfort
symptoms lasted between 0-30 minutes after the load removal. Roy et al., 20127 surveyed
236 soldiers following a load carriage task. Fifty percent reported that the load negatively
affected their performance and their ability to move and shoot the targets.7 This
information indicates that load carriage fatigue can affect an essential task performance
that can directly affect a soldier's mortality. Several researcher found similar results when
testing military personnel’s shooting performance following a fatiguing load carriage
task.23,27,40 Clarifying if nerve injury or fatigue theory is contributing more to the model
of shoulder injury following load carriage would move intervention strategies forward.
Directly measuring and comparing the motor nerve function and muscular fatigue
following load carriage would direct the focus on mitigating non-traumatic shoulder
injuries.

Nerve Injury and Muscle Fatigue Effects on Shoulders
Nerve injury can occur from either compression, traction, or direct trauma causes,
affecting sensory and motor function. Understanding the various categories of nerve
injury allows us to appreciate the degree of injury. Motor function alterations from nerve
injury can affect strength, power, and endurance.23,41,42
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Nerve Injury
Nerve compression or traction are types of nerve injury according to different
nerve injury classifications. Nerve injury classifications are based on the injured nerve
structures and prognosis. Three different authors have established nerve injury
classifications, Seddon 1943,43 Sunderland 1951,44 and Lundborg 1988.17 These
categories have common themes describing the pathophysiology and prognosis of
recovery. For this study purposes, we will use the Lundborg category (Table 2.1)
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Table 2.1 Lundborg’s Classifications of Nerve Injury

Lundborg

Pathophysiology

Type A

- Intraneural circulatory
arrest
- Metabolic conduction
block

Type B

Recovery

- Good
Complete recovery

- Intraneural edema
- Increased endoneurial
fluid pressure

Neuropraxia
- Myelin damage
Myelin
Damage
- Conduction block
Axonotmesis -Axon continuity loss
Axonal
- Conduction block
Damage
-Wallerian degeneration

Prognosis

- 0-1 day

- Good
Complete recovery

- Days to week
- Good

Complete recovery

- Within 12
weeks

- Axonal regeneration

- Fair prognosis

- Target re-innervation

- 2.5 cm per
month

- Complete recovery
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Neuropraxia is the mildest and most common form of nerve injury to occur.17,35 It
is usually associated with a conduction block due to demyelination, in addition to sensory
and motor changes in the affected muscle and nerve fibers.45 Rucksack palsy is a form of
neuropraxia injury, occurring because of the compressive load on the nerve.35 In rare
rucksack palsy case reports, axonotmesis nerve injury exists after the injury.34 We are
interested in Lundborg Type A nerve injury classification, as it is describing the
phenomena associated with load carriage and resolve with the load removal. Load
carriage symptoms fit well with type A nerve injury type. The backpack straps cause
intraneural circulatory arrest. Leading to a metabolic conduction block that is
immediately reversible with the load removal.15 Load carriage creates symptoms similar
to that experienced when sleeping on the arm, and resolve with changing arm position
and removing the pressure source. There is no tissue disruption associated with
temporary nerve compression. In addition, individuals may experience a transient feeling
of numbness and tingling.46,47 Affected area shows a temporary weakness or fatigue of
the muscles that innervated by the injured nerve.46 Middle deltoid muscle will be mainly
affected in cases of axillary nerve injuries.48 Minimal nerve compression of 50 mmHg
applied for two hours showed minimal or no changes in the nerve fiber structures and
functions in in-vivo studies.49 Effect of nerve compression was studied on rat models by
Nitz et al., 1989.50 High pneumatic tourniquet pressure (200, 300, and 400 mm Hg) on
the sciatic nerve for 3 hours resulted in a reduction in compound muscle action potential
and motor function deficits up to 5 weeks post removal of tourniquet pressure. Muscle
action potential area under the curve reached zero and a total nerve block after (17 min
under 400 mm Hg, 34 min under 300 mm Hg, and 55 min under 200 mm Hg). This
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finding confirms the association between nerve injury and the motor output for
innervated muscles.
Motor Outputs
Injured nerve reduces the muscle motor output.50 The existence of nerve alteration
in any form (compression, stretching, or cut) will reduce the motor output and reduce the
affected muscle strength. Motor output is sensitive to the neuromuscular system (nerves,
muscle, and the neuromuscular junction) changes.51 An example of nerve entrapment in
the upper extremity is carpal tunnel syndrome. The carpal tunnel is mainly caused by
median nerve entrapment, getting aggravated with over repetitive tasks at the wrist.
Carpal tunnel syndrome literature findings confirm the association between the nerve
entrapment and the reduction in a pinch grip.45,52 No direct studies have examined motor
nerve output changes after load carriage. The available load carriage evidence looked at
the changes in motor output in relation to the load, not the nerve functions. These studies
will be discussed later in the section on fatigue impact.
Compression Impact on Neurovascular Function
Nerve entrapment causes venous return obstruction and slows the returning
circulation within the entrapped nerve trunk.53 Nerve blood obstruction, leads to nerve
small capillaries dilation, and edema within the inner nerve tissues. The dilation and
edema resulting from the venous obstruction add more compression to the nerve beyond
the external load, causing the initial compression.51,53,54 Load compression pressure
exceeding 30 mm Hg restrict nerve blood flow and may result in structural changes in the
nerve.55,56
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In load carriage literature, a limited number of studies have examined the changes
in neurovascular and muscular systems in response to load carriage. Kim et al., 2014,57
suggests the backpack straps restricts the blood flow dynamics to the shoulder muscles.
The same study measured the changes in index finger blood flow following 12 kg of
backpack wearing for 10 minutes. Wearing the backpack for 10 minutes resulted in a
43% decrease in brachial artery blood flow at the index finger, 2.66 ±1.01 mL/s to 1.52 ±
.76 mL/s. Blood flow restriction limits the muscle’s ability to eliminate the waste
products and subsequently affect the muscle strength. Nerve function changes with load
carriage are possibly occurring by direct nerve compression. However, nerve ischemia
may also explain the nerve injury occurring with load carriage.58 Hadid et al., 2017,41
investigated the effect of load carriage on microvascular nerve flow by loading subjects
to 40% of their body weight while standing freely for 45 minutes. The microvascular
flow was measured with a photo-plethysmography at the index finger. A 40% reduction
of flow was identified after the 45 minutes of free standing but recovered to only 20%
reduction at 15 minutes compared to baseline. Semme-Weinstein's sensory testing
identified both ulnar and median nerves sensation was diminished following the 45
minutes of standing but recovered in 15 minutes.
A constructed model using MRI and force mapping showed that a 25 kg backpack
pressure on shoulder structures reached up to 90 kPa. The model predicted that the
compression exerted on brachial plexus surrounding muscles increased by 14%, which
might be injurious for the underlying neural tissue.59 Nerve structures adapt to exerted
compression and restore function quickly, especially in low stress compression for a brief
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duration.56 The backpack compression resulting from the load itself and the compression
due to postural changes from load carriage creates a collective compression that narrows
the brachial plexus space and increases the risk of injury, and reproduce brachial plexus
neuropathy injury symptoms.56,60 Compression on the nerve appears to negatively affect
motor outputs and vascular function of the nerve, which may explain the pain and muscle
soreness associated with load carriage; however, a similar effect is also seen during
fatigue state.61 Nerve function changes with load carriage are possibly occurring by direct
nerve compression. However, nerve ischemia may also explain the nerve injury occurring
with load carriage.58 Carrying heavy loads for long durations cause neuromuscular
fatigue.8 Kim et al., 2014;57 & Hadid et al., 2012,59 suggested that load carriage changes
nerve blood flow and shoulder structures functions. Comparing the compression and
fatigue would help delineate the primary mechanism leading to discomfort and
potentially injury with load carriage.

Fatigue Impact
Fatigue has a significant influence on the cardiovascular system, muscle strength
and endurance, and functional performance.62,63 Muscle fatigue defined as the inability to
sustain performance at the same level or the reduction in the maximum force that a
muscle can exert.64 From a personal perspective, fatigue defined as a condition or
personal state experienced by the person after performing an exhausting task.65 Fatigue
usually described as an overwhelming sense of tiredness, lack of energy, and feeling of
exhaustion. There are two types of fatigue, central and local. Central fatigue results from
the changes in the brain and spinal cord (central nervous system) during prolonged
intensive exercise.62,64 The central nervous system fails to provide enough signals to the
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muscle resulting in less muscle activation, and compromised muscle strength, and
performance.66 Unlike central fatigue, the local fatigue results from the changes in the
actual muscles (motor units) during exercise.62 Local fatigue occurs because of the lack
of sufficient energy resources and the lactic acid accumulation within the muscle.67,68
Fatigued muscles become unable to produce the same level of force.67,68 Central fatigue
involves a subjective emotional state (unable to continue, I am tired), local fatigue is
objective, less muscle output. Central fatigue differentiated from local fatigue using
specific testing called twitch interpolation. Twitch interpolation test (an electrical
stimulus delivered to a muscle nerve during a maximal voluntary contraction usually
produces a twitch like an increment in force.69 The size of the muscle twitch interpolation
when voluntary contracting is compared with the electrically stimulated twitch to assess
the extra force a central nervous system can generate. During central fatigue, this
interpolated twitch increases in size, and this reduces the voluntary activation of the
muscle. By the contrast there will be no difference in interpolated twitch in peripheral
fatigue.70 Local fatigue is excitation failure (AP propagation failure, neuromuscular
junction failure, and metabolic issues), and shows a reduction in the maximal capacity to
generate force or power output.68
Cardiovascular response to fatigue
Heart rate commonly used as an indicator of the physical ability, exercise
intensity, performance, and recovery from fatiguing tasks.71 Heart rate typically
increases in response to fatigue and heavy load carriage. Heart rate is sensitive to
blood circulation and metabolic demands. An increased heart rate indicates the heart
beats faster, so the blood supply will meet the metabolic demands for fatigued or
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exercised muscles.71,72 When exercising, the cells use nutrients and oxygen at a higher
rate, which produces waste products and heat.71 The heart works on supplying
nutrients and oxygen by pumping faster, and that reflects the increased heart rate.71
Heart rate increase in average by 20 beats/min during controlled fatiguing activities,
heart rate range in running is (120-167 beats/min).73 Interestingly, heart rate was found
higher by (20-30 beats/min) in competitive running compared to non-competitive,
recreational running under the same conditions.73 This suggests that heart rate is
sensitive to psychological stress. Therefore, during deployment or combat battle, in
addition to the psychological stressors, that will increase heart rate higher than during
training activities. The same heart rate response noted at different fatiguing sports like
cycling, swimming, and other competitive sports.74,75 Heart rate response to load
carriage showed a similar pattern to the physically fatiguing tasks (Table 2.2) Load
carriage training is one of the most exhausting tasks affecting the whole body. All
these studies confirm the high impact of load carriage fatigue has on heart rate and its
adaptability to keep up with the physical demands of the task even after a long period
of walking.
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Table 2.2 Summary of studies investigated the heart rate response to load carriage

Study

Subjects

Task

O'Leary et al.,
201876

23 M
19 F
British
Army
recruits

Loaded march
9.7 km
90 min
weight:
M = 16±2 kg
F =15±1 kg

HR pre
(Beats/min)
M = 47 ± 6

HR post
(Beats/min)
M=158 ± 8

F =51 ± 6

F= 173 ± 9

M = 79±10

M = 127± 12

Uphill= 156
±11

Mullins et al.,
201577

11 M
Walked for 120 min
new military carrying a 22 kg
recruits
load

Fallowfield et
al., 201222

Walked for 19.3 km
completed in 270
min while carrying
31 kg

M = 66 ± 5

treadmill walking at
a speed of 3.5 km/h
while carrying
- no external load,
- 31.4 kg load in a
leveled, 10%
downhill and 10%
uphill modes

Not reported

12 M
British
Royal
Marine
recruits
Chatterjee et al., 8 M
201878
Indian
soldiers

Downhill=
146 ±10
- No load =
95±7
- Leveled
loaded =
121±5
- Uphill
loaded 183±7
- Downhill
loaded =
107±7

Tenan,
LaFiandra, and
Ortega, 201779

12 M
Soldiers
from the
101st
Airborne
Division

marched 11.8 km in
forested terrain at
4.3 km/h
wearing 48.5 kg
weighted rucksack
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Not reported

end of march=
159.6

Strength and Endurance response
Load carriage causes muscular fatigue and reduces muscle strength and
endurance.23,41 Strength is the maximum force the muscle could generate. Endurance
defined as the ability to perform work over an extended period.80 To measure the
effect of fatigue on muscle strength and endurance Milner-Brown, 1986,42 measured
the subjects pre, post, and 10-minutes post fatigue recovery. The study showed that
maximum force (strength) exerted during isometric elbow flexor voluntary contraction
reduced from (3.9 to 2.9 Newton meter ”Nm” /Kg) after 1 minute of maintaining
maximum force production. Endurance (is the force produced over time) showed a
reduction in elbow flexor endurance after 1 minute of maintaining maximum force
from (175 to 127 Nm*sec/kg). The decreased neuromuscular efficiency for elbow
flexors needed (6.6± 3.8 min) for recovery. The fatigue effects on strength confirmed
in other fatiguing tasks such as marathon running when knee extension maximal
isometric torque was reduced by 28% compared to pre-marathon, from 416.4 ±104 to
330.2 ± 115 Nm.81 Load carriage is also a fatiguing task, suggesting that fatigue from
the task will result in diminished neuromuscular function. The carried load places
additional stress on the musculoskeletal system and affects the task performed by the
carrier increasing the risk of developing a musculoskeletal injury.82,83 Fallawfield et
al., 2012,22 studied load carriage fatigue effect on lower extremity strength. Twelve
Marine recruits were measured during walking while carrying 31 kg that caused a
decrease in the vertical jump height (8 ± 9%) as it incorporates a squat and
countermovement muscles to jump. Grenier et al., 2012,8 demonstrated greater deficits
in lower extremity strength following twenty-one hours simulated military mission
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with 27 kg backpack during battles and 43 kg in marches in extreme environment. The
knee extensor voluntary contraction declined by approximately 13% from baseline.
This study also measured perceived exertion and demonstrated a significant increase
in perceived excursion from (8.3 ± 2.2) to (15.9 ± 2.1, P=0.01) post-walking. This
study examined central and peripheral fatigue using a twitch-interpolation method.
The central fatigue was not significantly affected but trending post task (-2.18 ±
2.96%, P=0.05), suggesting more of local fatigue in the lower extremity. These
findings support key concepts that subjects lose strength, perceive fatigue, and their
fatigue is primarily local for experienced infantrymen. This still leaves in question the
time necessary for neuromuscular recovery.

Limited research exists studying upper extremity fatigue following load carriage
tasks. One of these studies by Blacker et al., 2010,23 examined the upper extremity
fatigue following load in eight trained subjects walked for 2 hours on a treadmill, with
a 25kg backpack load at a leveled gradient. The task leads to a significant reduction by
8% in isokinetic shoulder flexion (60o*s) force immediately after loaded walking. The
pre-walking 70±17 Nm strength decreased to 65±16 Nm, P=0.05 post walking.
Twenty-four hours recovery examined in this study; participants recovered to baseline
values70±19, P>0.05. However, from the perspective of training and injury mitigation,
this raises the question of when the actual recovery occurs. These studies demonstrate
that the increase in load carriage and duration causes an increase in fatigue, as well as
deterioration and changes in neuromuscular functions compromising the task
execution and risk of developing injuries.
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Load Carriage Shoulder Injury Model
Shoulder nerve compression and muscular fatigue theories are two critical
potential underlying mechanisms associate with shoulder injuries from load carriage
activities. The available evidence suggests that fatigue leads to diminished strength in
both lower and upper extremities following load carriage. It appears strength
recovered within 24 hours after the load carriage event. However, due to training and
deployment demands, this window of recovery deserves further investigation to
determine more precisely when recovery occurs. The previous research on nerve
injuries has not provided direct evidence on nerve function following load carriage
altering nerve conduction or neuromotor outputs. Nerve injury theory explains a rarely
seen phenomenon (Pack palsy) with load carriage (less than 6 cases per 10,000
recruits per year in the US Army).36 It is not clear if the load carriage that creates
nerve compression or traction is sufficient to alter the neuromuscular function at the
shoulder level. Based on the available evidence, further research is needed to identify
if nerve compression or fatigue is the main contributor to altering shoulder neuromotor
function. Which can create an environment that leads to non-traumatic overuse
shoulder injuries, especially in the physically active and military population.

Mechanism of shoulder injuries
Shoulder injuries mechanisms divided into two main categories traumatic and
non-traumatic causes. Non-traumatic shoulder injuries account for the highest
percentage of all shoulder injuries occurring in the military.9 Mechanisms of load
carriage shoulder injuries are non-traumatic. An epidemiological study of Japanese
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Self-Defense forces revealed that 61% of all orthopedic conditions were due to nontraumatic mechanism, while 39% were traumatic.31 Shoulder non-traumatic injuries
occur due to bony abnormality, weak muscles, and overuse causes.84 Among the three
shoulder non-traumatic causes, overuse stands out as an injury mechanism that causes
shoulder load carriage injury.
Rotator cuff tendinopathy is the most common overuse injury in military patients
seeking treatment for their shoulder pain 50%.85 One of the most common shoulder
injuries is rotator subacromial impingement syndrome. Factors that cause rotator cuff
injury are the existence of tendon and bursa inflammation, tendons degeneration,
rotator cuff musculature weakness, and weak muscles.84,86 Bony malformation of the
acromion associated with high incidence of rotator cuff tears, as well as patients with
full-thickness supraspinatus tendon tears.87 A review of literature by Factor et al.,
2014,11 suggested that rotator cuff non-traumatic injuries occur from the tendon aging,
degeneration, and tendon overload or overuse. Aging is not the leading cause of
rotator cuff injuries in the military as the incidents are higher in younger ages when
compared to other populations. Rotator injury prevalence was significant and
symptomatic at 30 years and higher age groups.88 29 Incidence rate for shoulder rotator
injury observed within the military population in the Hsiao et al., 2015,88 study was
8.3/1000 person-years in 30-34 years group, and 16.6/1000 person-years in 40 years
and the higher group. In the general population, the rotor injury prevalence was
significant and asymptomatic in 50 years and higher age groups.89,90 The prevalence of
rotator injuries raised significantly after 50 years of age and was present in more than
half of dominant shoulders in the seventies.89 Non-traumatic injuries of the rotator cuff
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can occur from multiple sources. However, fatigue, overuse and repetitive overloading
explain the shoulder injury mechanism with load carriage.
Fatigue and overuse stand out as the main risks of shoulder pain and injuries.
Numerous studies have examined populations with a high volume of shoulder
workload and repetitive shoulder motion and its relation to overuse injuries.10,91-94 The
repetitive overhead work in sports may lead to impingement that may lead to rotator
cuff injury.92 Sein et al., 2010,91 found a strong correlation (rs=0.39,p<0.005) between
the number of hours swum/week (average 16 hours) and supraspinatus tendinopathy,
confirmed with MRI..91 Supraspinatus tendinopathy also is strongly correlated with
mileage swum/week (average 40 km) (rs=0.34, p=0.01). In a study by Hagbreg,
1987,93 that looked at the rotator cuff injuries across different occupational settings,
found that the prevalence of rotator cuff was higher 69% among repetitive industrial
workers working above shoulder height compared to low shoulder repetition workers
only 1%. Repetitive movements of the shoulder more than 2 hours per day, and
working above shoulder level showed an association with shoulder impingement and
rotator injuries.94 The same concept applies to load carriage, high workload for the
shoulder can cause non-traumatic injuries. In high volume swimmers, the stress placed
on shoulders is less than the stress placed with load carriage.
The following proposed mechanical mechanism of shoulder injury due to load
carriage explains the effect of load in exposing the shoulder to the risk of overuse
injury. The load carriage injury model is time-dependent, the load accelerates the
degeneration and lead to serious injury later in life. The accumulation effect of load
carriage and its relation to shoulder injuries is evident when seeing the increase of
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shoulder injuries incidence with the increase in an individual’s age.29,88
It’s believed that load carriage causes a repetitive compressive force on shoulder
space and structure. Narrowing subacromial space, causing spur formation and rotator
muscle inflammation. Continuous complains of untreated shoulder impingement,
causes rotator cuff tear, either complete or partial (Figure 2.2).88,92
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Figure 2.2 Load carriage injury mechanical model
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To date, the question of the actual shoulder injury mechanism associated with
load carriage remains unresolved, however. The earlier efforts suggested the two theories
of (1) mild nerve injury and (2) fatigue, to explain this phenomenon with load carriage.
However, it is unknown which one has the most significant impact on causing this
observation. Appropriately, further investigation of the two theories is needed to
determine the impact of both fatigue and nerve compression on shoulder neuromuscular
function. Also, to address the informational and evidential gaps identified in this
literature review. If the findings supported the nerve being mainly involved with load
carriage, then subacromial space narrowing prevention strategies would be
recommended. If muscular fatigue was more evident with load carriage, then
strengthening strategies are recommended to prevent the extent effect of load carriage in
causing shoulder injuries. Therefore, the primary purpose of the present study was to
investigate the effects of a heavy load carriage on shoulder neuromuscular functions.
Understanding if nerve compression or fatigue has a major impact on shoulder
neuromuscular function can help plan training and recovery tasks needed to minimize the
chance of developing a shoulder injury.
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CHAPTER 3. THE EFFECT OF TWO HOURS HEAVY BACKPACK WALKING ON
SHOULDER NEUROMUSCULAR FUNCTIONS
Introduction
Load carriage is essential for military personnel to transport weapons,
ammunition, food, first aid, and tactical gear. Loads are carried by military personnel
regularly during training and deployment. In the military, load weight varies from 15 kg
up to 65 kg.1 During training, the duration of walking is standardized among all the
personnel at the same unit regardless of age, sex, and physical abilities.1 Ignoring these
differences between personnel may lead to developing non-traumatic musculoskeletal
injuries especially in untrained and physically vulnerable individuals.95
Load carriage activities commonly injure the spine, lower and upper extremity.23 More
than 50% of military musculoskeletal injuries are attributed to marching and running
tasks.96 The load carriage correlation to military injury incidence is higher for the lower
extremities and back than any other body area; 9,97 which explains the numerous studies
investigating the effect of load carriage on lower extremity and spine functions. However,
upper extremity injuries can occur from load carriage activities as well.1,9,41,98,99
Though the risk of shoulder injury associated with carrying a heavy backpack is low,
shoulder injuries are prevalent in the military population.9,88 Backpack-induced changes
in shoulder neuromuscular behaviors are likely to impact physical performance
negatively. However, the relationship of load carriage with shoulder injuries has yet to be
established. Shoulders are exposed to injury risk due to the pressure from the backpack
load. Shoulder soft tissue compression causes secondary effects such as sensory changes,
pain from simply standing with a 40% body weight load for 45 minutes, and in extreme
cases, cause nerve injury.41 The available evidence investigated the causes of shoulder
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discomfort and pain associated with load carriage suspected these symptoms to be a
result of blood flow restriction, tissue inflammation, and fatigue, causing biomechanical
changes.23,41,100 Rucksack palsy is a serious injury that might cause a loss of personnel
from full active duty for a long period. However, the occurrence is rare, as only 0.5% of
soldiers are diagnosed with rucksack palsy per year.26 Because the military population is
placed under high physical demands, the existence of neurological impairments can
negatively impact shoulder muscle strength and endurance. Loss of strength and
endurance in an individual with high shoulder demands can lead to overuse injuries and
shoulder pain.91,94,101 The subclinical insult to the nerve could impact physical
performance, placing the shoulder at risk for overuse symptoms before actually
presenting with an apparent shoulder injury. The specific mechanisms causing shoulder
symptoms remain unknown and require further investigation of the backpack’s potential
effect on the shoulder in realistic and simulated situations.

This study’s objective was to determine whether neuromuscular functions are affected by
load carriage and, if so, how long such impairments take to recover. We hypothesize that
significant decrements will be observed in shoulder strength, endurance, nerve function,
and shooting accuracy because of the backpack load effect on shoulder neuromuscular
functions. The findings of the study would allow recommendations to be made to
minimize insult to the affected structures and their performance and potentially reduce
shoulder injuries in populations required to carry heavy packs.
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Methods
Design
This study was a quasi-experimental design. Participants performed all the testing in one
session. Each participant underwent the same testing procedures, but the order of testing
was randomized to prevent order bias.
Participants
Thirty subjects were screened and included in the study if they were between 18 and 45
years of age and reported doing vigorous exercise at a minimum of three times per week.
Thirteen (age 27.0±5.3 years; mass 82.5 ±11.8 kg; height 180 ± 5.6 cm; BMI 25.5 ± 3.5
kg/m2) young healthy fit volunteers (3 females, 10 males) met the strict inclusion criteria
for this study. Subjects screened for inclusion and exclusion following these criteria
(Table 3.1). All the subjects read and signed the consent form approved by the
institutional review board.
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Table 3.1 Inclusion and exclusion criteria for the study
Inclusion Criterion
• Between the ages of 18
and 45 years old
• Answers no to all
questions on the PARQ
• Doing vigorous
exercises at least 3 /
week
• Backpack training
experience (e.g.,
Military or Hiking)

Exclusion criterion
•
•
•
•
•
•
•
•
•

•
•

•
•
•
•

•

Age below 18 or older than 45
Diagnosed balance or vestibular disorder
History of low back pain in the previous six
months
History of fracture or surgery in the lower
extremity, spine, or upper extremity in the
last six months.
History of neurological injuries or diseases
such as Multiple Sclerosis, Parkinson
Disease
History of Rheumatologic condition
History of Fibromyalgia.
Previous or current history of any
numbness or tingling when arms are
elevated overhead for less than 30 seconds
Skin sensitivity to adhesive electrodes,
permanent markers, and hair shaving which
is potentially necessary following safety
guidelines outlined by the National
Institutes of Neurological Disorders and
Stroke
Sensitivity or precautions that prevent them
from being exposed to laser IIIA light
History of heart disease, stroke, cardiac
pacemaker or implanted cardiac
defibrillator, epilepsy or seizures, migraines
or severe headaches, cancer
Currently pregnant or breastfeeding
Currently taking pain relieving medication
or neuro inhibiting or stimulating
medication
Has metal implants anywhere in the neck,
or shoulders (excluding dental work)
including cochlear implants
Participant demonstrates a cognitive status
that does not allow the individual to
consistently comprehend and repeat back
directions regarding the details of the study
Answers yes to any of Physical Activity
Readiness Questionnaire “PARQ “
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Procedures
This laboratory study divided into three parts; the first part, baseline measure for all
dependent measures, along with demographic information recorded. For the second phase
(treadmill loaded task), the participant walked on a treadmill for two hours with a load
equal to 20.5 kg. The third component was the recovery phase in which repeated testing
of all dependent measures was performed at predetermined time points to capture the
time course for neuromuscular function recovery following the loaded task.
Baseline Information Subject weight and height were recorded. Baseline resting heart rate
and age obtained to calculate the maximum and 90% heart rate as a threshold for the
treadmill task to keep participants safe.
Shoulder Abduction torque in sitting position, the subjects produced a maximal abduction
torque in Newton-meter (Nm) while holding their arm at 90° abduction for 30 seconds
against the dynamometer (BTE Primus, Hanover, MD).102,103 A standard goniometer was
utilized to confirm the joint angle of 90°. Participants abducted the dominant shoulder
(right) maximally for 30 seconds while the arm extended and the thumb pointing towards
the ceiling. Practice sessions of six seconds used to familiarize the subject at baseline
with a one-minute rest given between familiarization and maximal effort testing. All
subsequent testing performed in the same manner without a practice session.
Axillary Motor Function Subjects were tested while seated comfortably with arms resting
on thighs. Skin preparation and electrode placement performed according to the standard
testing protocol.104 A series of electrical stimuli given through Erb’s point (CADWELL,
Sierra Wave, Kennewick, WA, USA) until reaching the supramaximal threshold for
deltoid response. The supramaximal threshold was achieved when motor amplitude milli40

volts (mV) did not rise with stimulus increase. Electrical stimulation current started at 30
milliamperes (mA), and incrementally increased by 10 (mA) until the supramaximal
threshold obtained. Amplitude is the height of the compound motor action potential curve
of the motor fibers innervated by the tested nerve. The nerve latency is a measure of the
time needed for the tested muscle to initiate the motor action potential from the time of
giving stimulus. The probe location was marked with a permanent marker to minimize replacement error between measures. Subsequent tests were performed using the baseline
voltage in order to determine how neuromotor function is affected and recovered when
giving the same level of stimulus.
Shooting accuracy administered using a laser gun and target (Laser Score Tyme
Versus™ Kit, Cottonwood, AZ, USA). Shooting is a functional task that requires
neuromuscular coordination; any alteration or damage to the involved structures will
result in an alteration in shooting performance.105 The laser target board was placed five
meters away from the participants. The participants were given ten shots within 15
seconds. The participant’s arm was elevated to 90° to simulate shooting a real gun. The
laser target displays the accuracy score after each trial (Figure 3.1). Accuracy score
represents the total points earned out of a hundred; each shot has a chance of getting a
score between a bullseye, which is scored ten perfect, and goes down one unit in
concentric circles to a score of three. If the shot misses the bullseye, the value is a zero
for that attempt. The participant accuracy calculated by finding the average of three sets
(10 shots each), a hundred is the perfect score. The higher the score the more accurate
was the participant at shooting. Shooting coefficient of variance (CoV) was calculated to
ensure that the participant baseline score was consistent. CoV was calculated by finding
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the ratio of the three trials standard deviation divided by the mean of three trials
multiplied by 100. The participants were given at least four practice trials or until the
practice trials showed a coefficient of 10 percent or less.
All testing procedures were performed during the recovery phase, as described above.
Axillary nerve amplitudes recorded from Erb’s point stimulation every five minutes
during the 30-minute recovery period. Shoulder abduction torque and shooting accuracy
were repeated every 10 minutes during recovery. To avoid the carryover fatigue during
recovery testing, we allowed 10 minutes rest in between sessions.106
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Figure 3.1 (a) Shooting accuracy settings. (b) Target and scoreboard
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Treadmill task Participants walked for two hours with a 20.5 kg backpack to simulate the
rucksack march. Prior to walking, a heart rate monitor (Polar FS2c, Polar Electro, Oy,
Kempele, Finland) was placed under the chest line to track heart rate “HR” throughout
the task and the 30 minutes recovery. Using the Karvonen Heart Rate formula, training
heart rate values recorded for individual’s 60 – 90% of maximal heart rate.107 HR was
monitored throughout the treadmill task every five minutes during walking and recovery.
The backpack (KELTY, Boulder, CO USA) loaded with 20.5 kg of weights using
sandbags distributed throughout the backpack. The shoulder straps adjusted to the
comfort of the subject. The subjects were not allowed to wear the backpack chest and
waist belts as we were trying to isolate and test the direct effect of shoulder straps
compression on shoulder functions as this reported to increase the risk of a shoulder
injury.1 Hand circulation was checked to ensure no disruption occurred.
Participants walked on the treadmill (Landice L7, Landice, NJ, USA) at a pace of 5.5 - 7
km/hour at zero inclination. Participants instructed to avoid holding onto the side railing
unless they were starting or stopping or sensed that they were falling. A safety key was
attached to the participant’s wrist as a safety precaution that automatically stops the
treadmill in the event of an accidental fall. All dependent measures demonstrated good to
excellent levels of reliability before commencing the study (Table 3.2).
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Table 3.2 Testing within day ICC, SEM, and MDC from 10 subjects

Test 1

Test 2

Mean± SD

Mean± SD

Latency
(ms)

3.68±0.3

Amplitude
(mV)

Method

ICC

CI [LB, UB]

SEM

MDC90

3.66±0.3

0.92

[0.72, 0.98]

0.08

0.33

7.74±2

7.62±2

0.96

[0.85, 0.99]

0.42

0.81

Endurance
(Nm*sec)

1013±590

977±580

0.99

[0.96, 0.99]
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136

Strength
(Nm)

40±25

37±24

0.98

[0.9, 0.99]

3.2

6.75

Laser Ave
score

75±7.5

78±6.7

0.85

[0.41, 0.96]

2.72

11

ICC= Interclass Correlation Coefficient, SEM= Standard Error of Measurements,
MDC90= Minimal Detectable Change, LB= Lower Boundary, UB= Upper Boundary,
SD= Standard Deviation, ms= milli-seconds, mV= milli-volt, and Nm= Newton meter,
Nm*sec= Newton meter in second.
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Shoulder abduction torque data reduction
Shoulder endurance obtained by calculating the 30 seconds trial angular impulse
produced in each trial. Each trial row data was exported from the BTE software and
saved as an excel file using the subject ID and trial number. The raw data collected at 100
Hz from each trial was transferred to an excel calculation template to convert the data
into angular impulse. The angular impulse represents the area under the curve during the
30 seconds and represents endurance. The angular impulse was calculated using the
trapezoidal method, which calculates individual impulses over the total time duration.102
The individual impulse represents 0.01 seconds, the total impulses for 30 seconds = 3000
impulses. The trapezoidal methods calculate the difference between the two subsequent
impulses. The summation of the trapezoidal difference represents the area under the
curve produced in Newton-meter for 30 seconds (Nm*sec). Abduction strength
calculated by taking the average torque produced between the first 2-5 seconds of each
30-second trial.

Statistical analyses
The primary question was to analyze the change in the previously described dependent
measure compared to pre-fatigue measures. The secondary aim of this study was to
determine the time needed for the dependent measures to recover. The five dependent
measures examined for normality using a Shapiro-Wilk test. Due to outliers and
distribution assumptions violations, data were analyzed with non-parametric Friedman’s
repeated measures test with eight-time points for nerve latency and amplitudes, and five46

time points for strength, endurance, shooting assessments. Subsequent Wilcoxon Signed
Rank Test used if significant differences found and to determine when baseline values
recovered. Due to multiple comparisons, adjusted p values for seven comparisons
(p≤0.007) and four comparisons (p≤0.0125) are considered significant. Analysis of the
heart rate was captured and recorded at baseline and every 30 minutes throughout the
study to confirm the task's high demands. IBM Corp. Statistical Package for Social
Sciences Released 2013 (SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM
Corp) was used for all the statistical analyses.

Results
Endurance of the deltoid muscle using the isometric testing was significantly reduced
immediately post walking 1262 (IQR 1014, 1411Nm*sec) compared to baseline
1428(IQR 1224, 1802Nm*sec) (P=0.011). The pairwise comparisons during recovery
demonstrated that angular impulse never recovered to baseline values and remained
significantly lower than baseline (P <0.011). Strength was significantly less immediately
post walking 45(IQR 34.7, 49.9Nm) compared to baseline 52.5(IQR 45.5, 64Nm)
(P=0.006). Strength remained significantly lower than baseline until 30 minutes of
recovery (P<0.003). (Table 3.3)
Axillary Nerve Amplitude was found to be significantly lower post-walking 6.7(IQR 5.2,
7.8mV) compared to baseline 7.5(IQR 7.15, 9.6mV) (p= 0.001). According to the
pairwise comparison, the motor nerve amplitude returned to baseline value within 15
minutes of recovery.
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Axillary latency was not significantly altered by the two hours of walking with the
backpack. (Table 3.3)
Shooting accuracy post walking decreased to a score of 74.3(IQR 71.83, 85.1) from a
baseline score of 81(IQR 76, 83) (p=0.009). Shooting accuracy recovered within 10
minutes as the pairwise comparison after adjusting the p-value found no significant
difference between the average laser shooting score between baseline and subsequent
measures.
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Table 3.3 Shoulder Neuromuscular outcomes results
N = 13

50%

25%

75%

Baseline
120 min*
130 min*
140 min*
150 min*
Baseline
120 min*
130 min*
140 min*
150 min

1428.9
1262.3
1280.7
1147.5
1149.8

1224.8
1014
1002
982.2
861.7

1802.4
1411
1437.1
1344.7
1465.6

52.5
45
44.3
40.9
44.5

45.5
34.7
34.6
34.7
31.4

64
49.9
48.9
50.3
55.6

Amplitude (mV)

Baseline
120 min*
125 min*
130 min*
135 min
140 min
145 min
150 min

7.5
6.7
6.6
7.1
7.1
7.1
7.2
7.5

7.15
5.25
5.45
6.4
5.65
6.35
6.4
5.9

9.65
7.85
7.9
8.55
8.9
8.7
9.85
10.05

Latency (ms)

Baseline
120 min
125 min
130 min
135 min
140 min
145 min
150 min

3.8
3.6
3.6
3.6
3.8
3.6
3.6
3.7

3.5
3.4
3.55
3.4
3.5
3.5
3.35
3.4

3.95
4.0
4.0
4.0
4.1
3.95
3.9
3.9

Endurance (Nm*sec)

Strength (Nm)

Shooting Accuracy

Baseline
81.00
76.00
83.00
120 min*
74.33
71.83
85.17
130 min
83.67
75.00
84.83
140 min
83.00
78.00
86.67
150 min
81.00
77.33
88.17
50%= Median, 25%= Lower inter-quartile, 75%= Upper inter-quartile, Nm*sec=
Newton meter in second; Nm= Newton meter; mV= milli-volt; ms= milli-second
* indicates that these time points are significantly lower than baseline
49

Discussion
This study is one of the first to measure the change in shoulder neuromotor function
immediately following heavy backpack walking. Previous research has focused on the
extended period of recovery and lower extremity response, making direct comparisons
difficult.23 The current study findings have implications for sport and military individuals
who carry heavyweights on the shoulders for a long duration. Neuromotor shoulder
function impaired for at least 15 minutes following two hours of walking and longer for
some maximal effort activities. All significant findings were beyond the measurement
error but not always beyond MDC at the 90% confidence intervals.(Table 3.2)

Shoulder abduction torque was less after two hours of walking with a 20.5 kg load.
Shoulder strength was reduced by approximately 25% from baseline immediately after
completing the treadmill task resulting in a large Hedge's G effect size108 of 0.72 (CI95
0.25-1.26) using paired sample t-test for pre-post walking (https://effect-sizecalculator.herokuapp.com/). Thirty minutes were required to observe strength values
return to baseline levels. Endurance followed a similar trend but never recovered during
the 30 minutes of post-treadmill testing. A 12% decrement in the angular impulse was
observed, resulting in a medium Hedge's G effect size of 0.58 (CI95 0.13-1.08)
immediately after the treadmill task. This decrease also exceeds the MDC 90 value
suggesting this was both statistical and clinically meaningful change. This finding
suggests that shoulder endurance requires more time for recovery. Immediate recovery of
shoulder strength or endurance post loaded walking has not been previously studied. In
comparison to lower extremity strength recovery, Blacker et al.,2010,23 found a similar
decrement in knee force by 15% post 2 hours treadmill walking with a 25 kg backpack.
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In these fatigued states, both the lower and upper extremities are at risk for
musculoskeletal injury.91,109 The reduced shoulder strength and endurance are likely due
to factors of nerve motor output alteration, changes in local blood circulation, local and
central fatigue, and methodical repeated strength testing.106,110,111

The backpack load and straps appear to be affecting neuromuscular parameters measured
in this study. The backpack load likely created a transient compression on the brachial
plexus, resulting in a mild transient neuropraxia that reduced the motor amplitude but did
not affect motor latency.17 Previous research using similar loads of 25kg backpack was
found to compress shoulder structures under magnetic resonance imaging.59 This load
caused 90kP of compression, considering the same load was used at our study likely a
similar amount of compression occurred. Hadid et al.,41 investigated the effect of load
carriage on upper limb performance by loading subjects to 40% of their body weight for
45 minutes while standing freely and followed by 15 minutes unloaded recovery. The
results showed a significant decrement in microvascular flow by 40% and a decrease in
light touch sensation, with a higher correlation between them r =0.79. Shooting accuracy
dropped by 34%, while the gross motor function obtained from the index press did not
show any difference. The findings from Hadid’s study support the changes in upper limb
neuromuscular functions as our study found; however, their subjects were standing
without any physical effort such as in loaded walking. Twenty-five-kilogram load
treadmill walking for two hours showed a 15% reduction in isometric knee extension
force immediately after loaded walking.23 Clarke et al., 112 reported a reduction in the
trunk, knee, and ankle MVC after three hours of loaded walking. The effect of load
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carriage on body biomechanics was investigated, and showed increased in double-limb
support time and trunk forward inclination excursion.113
The current study’s findings confirm that axillary nerve amplitude function decreased for
at least 15 minutes following the treadmill task; however, strength and endurance did not
recover at the same pace as did nerve function. Thus, this suggests that motor output
alterations affect muscular performance in addition to other factors.
Strength and endurance reduction attributed to the changes in muscular hemodynamics or
transient neuropraxia. The backpack straps found to restrict the brachial artery blood
flow.57 Blood flow restriction limits the muscle’s ability to eliminate waste products and
subsequently may affect muscle strength.114 Blood flow was not measured in our study
but studied in similar studies.115 Loading eight healthy volunteers with 12kg backpack for
ten minutes brachial artery blood flow decreased from 2.66±0.36 to 1.52±0.27 mL/s
(p<0.05).115 The study task was strenuous and caused physical fatigue; existence of
fatigue is a factor that reduces muscle strength and endurance. These results match those
mentioned in earlier studies where physiological parameters after loaded walking were
reduced compared to those at rest. In our study, HR tracked throughout the study. The
participants’ HR showed a pattern of elevation during the walking task and then returned
to normal within the recovery period (Figure 3.2). In addition to physical fatigue at the
local and central levels, strength retesting fatigue could be a significant contributor that
limited the muscle ability to recover, especially the endurance. Retesting might have
induced a level of fatigue resulting in prolonged strength and endurance deficits.106,116
This study design allowed for 10 minute intervals between strength and endurance testing
but only five minutes for nerve testing, which may not have been adequate for a full
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recovery. Loaded walking has a large effect size on strength 0.72, and medium effect size
on endurance 0.58, and this effect is beyond the measurement error and the acceptable
meaningful difference. Therefore, according to the possible causes for muscle strength
and endurance reduction, it is most likely that muscle fatigue has the most substantial
effect on muscle performance and time needed for recovery.
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Figure 3.2. Heart rate response to loaded walking and after 30 min of
unloaded recovery. Median percentage change from baseline heart rate.
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The effect of transient neuropraxia was measured by nerve conduction latency and
compound motor action potential amplitudes. Motor latency was not affected, perhaps
due to measuring the fast axillary nerve fibers, reducing the possibility of finding a
difference unless nerve damage occurred.51 The likely transient compression or traction
of the axillary nerve from the backpack temporarily reduced motor output. This reduction
is both a significant and apparent clinically meaningful change that supported by a
medium Hedge's G effect size of 0.62 (CI95 0.05-1.24). This reduced motor amplitude
likely affected muscular strength and endurance outputs. Animal models have
demonstrated a 75% strength loss due to interruption of motor recruitment.117 Ulnar nerve
neuropraxia has been associated with hand weakness and recovery as neuropraxia
resolved.118 The current study findings demonstrated that both strength and muscular
endurance outputs impaired for a longer duration than nerve amplitude function. This
would be consistent with the physical stress theory that suggests that body structures are
susceptible to injury according to the magnitude, time, and direction of the stress.119 In
previous reports of rucksack palsy, resulting in significant motor and sensory deficits,
backpacks were worn for multiple hours. In the current study, a milder form of only
motor deficits occurred due to fatigue and apparent backpack load but only minimally
affected motor control as measured by shooting accuracy.23,41

Shooting accuracy was reduced immediately after the walking task but recovered in 10
minutes at the next subsequent testing period. Previous research has observed a reduction
in muscle and nerve function affects neuromuscular coordination.120 The current study
findings differ from previous research that reported more reduction in shooting accuracy
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post backpack walking.25 Load carriage reduced the shooting accuracy in active-duty
soldiers, but their shooting recovered quickly.27 Despite the significant difference
between the baseline and post-walking shooting accuracy observed in this study, the
difference did not exceed the minimal detectable difference in shooting accuracy. In the
current study, subjects with and without past shooting experience participated. Therefore,
shooting skills varied between subjects (Table 3.4).
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Table 3.4 Shooting scores between subjects with different shooting experience and
independent T-test results across different time point

Baseline

Shooting experience
(MeanSD) N=6
834

No shooting experience
(MeanSD) N=7
774

Independent T-test
(p-value)
0.033

120 min

817

747

0.121

130 min

845

788

0.149

140 min

845

7810

0.203

150 min

847

805

0.305

Time point
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The study methods attempted to accommodate for this by allowing for multiple practice
rounds and assuring coefficient of variance was minimal prior to initiating testing.
However, based on the shooting accuracy results, there appears to be an improvement
post-walking task suggesting that learning was still occurring in subsequent testing as
shooting accuracy was increasing above baseline measures.
There were several limitations to the study. First, load carriage in reality, involves
walking over a variety of terrains and extreme weather while carrying different loads and
wearing heavy gear. Second, muscle strength and endurance were obtained from force
production isometrically in shoulder 90° abduction. Isometric testing measures the
maximum capacity of the muscle, which is not always required, therefore the results
might be specific for conditions where the individual is doing a task that requires
utilization of near maximal muscle strength and endurance. Extending recovery time
between testing may have yielded different results. Third, the shooting is a specific task
that not necessarily resemble the change in shoulder neuromuscular structures at a
functional level. Finding a functional overhead test would be appropriate in future
studies. The subjects’ shooting experience not controlled due to the difficulty of
recruiting only people with shooting experience. Lastly, there was no control group
included in the analysis to confirm if these changes occurred due to fatigue and backpack
stress or due to the walking fatigue alone.

Conclusion
In conclusion, the results of this study indicate that the individual’s ability to
perform overhead tasks post-loaded walking is compromised due to decreased muscle
force capabilities. It is reasonable to conjecture that these temporary impairments might
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increase the risk of musculoskeletal injuries if proper rest was not allowed before
performing the task.
The hope of determining the affected neuromuscular functions by load carriage will help
to improve performance, prevent and minimize shoulder injury prevalence. Nerve
function dramatically impaired following a two-hour treadmill walk carrying a 45-pound
rucksack, which likely contributed to the prevalence of shoulder pain associated with
load carriage. The study findings support the need for implementing strength and
endurance protocols for individuals who carry a heavy backpack for long periods. In
addition, the importance of implementing a sufficient recovery period before performing
skilled shoulder overhead activities is supported.
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CHAPTER 4. IMPACT OF MUSCLE FATIGUE AND NEURAL ALTERATION IN
CAUSING LOAD CARRIAGE SHOULDER STRESS
Introduction
Military epidemiological studies showed that load carriage is a source of
musculoskeletal injuries affecting all body areas.1 The injury distribution puts the lower
and upper extremities as the primary body areas injured following load carriage.4,9,29
Load carriage injury rates have remained at the same level over the last ten years.30,32
Lower extremity injuries have received considerable attention in terms of identification
and prevention of load carriage injuries but not upper extremity injuries.

Shoulder injuries ranked as the third most common injury location overall
220/1165 (18.83%) among Navy personnel.4 A review of Navy medical charts in 2010,
ranked the shoulder as the most common injury location 24/63 (38.1%).29 Despite these
findings, the causes of shoulder injuries following load carriage have not been researched
or identified. Research has focused on the identification of risk factors for injury and
theoretical explanations for shoulder injuries phenomena. The two theories explaining the
shoulder injuries with load carriage are nerve injury with load and muscular fatigue. 68,21,33,34

The purpose of the study was to observe the changes occurring in the
neuromuscular system over time in response to heavy backpack carrying while walking
compared to walking alone, which will induce a level of fatigue. We hypothesized that
load carriage would result in greater neuromuscular deficits than walking alone. A
secondary purpose of this study was to examine the recovery of neuromuscular
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parameters following the fatiguing event. We hypothesized that recovery will take longer
following the load carriage walking task compared to walking tasks without load. This
study will elucidate more clearly if compression of the upper brachial plexus or fatigue
alone affects shoulder neuromuscular functions.

Methods
Participants
Thirty young, healthy fit volunteers (10 females, 20 males) divided into two equal groups
(Load group and No load group) with demographic details that were not different (Table
4.1). One hundred and sixty-one subjects screened, only 30 subjects participated and
included in the analysis, selection process detailed in (Figure 4.1). The inclusion and
exclusion criteria are detailed in Table 4.2. Eligible subjects for load group included if
they met all the criteria including, backpack training experience. No load group were
included if they met all the inclusion criteria except backpack training experience and
matching a subject who completed the study from load group according to these criteria
(gender; age  5 years; BMI  3 kg/m2). If subjects were eligible for both groups, they
were given a choice to participate in either group. After meeting the study inclusion
criteria, all the subjects read and signed the consent form approved by the University of
Kentucky institutional review board.
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Table 4.1. Demographic information
Load Group (N=15)

No Load Group (N=15)

Mean ± SD

Mean ± SD

Independent
T-test

Age (years)

25 ± 5.8

27.3 ± 6.3

0.305

BMI

24 ± 3.2

23.8 ± 2.8

0.897

Height (meters)

174 ± 9

173 ± 10

0.737

71.6 ± 11

0.705

Weight (kilograms) 73.5 ± 15
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Assessed for eligibility (n= 161 )

Excluded (n= 130 )
--Not meeting inclusion criteria (n= 18 )
--Declined to participate (n= 37 )
--Other reasons (n= 75 )

Matched pairs (gender, age, BMI) (10 M, 5 F)
Allocated to load group (n= 16 )

Allocated to No load group (n=15 )

¨ Did not finish (n= 1 )

Analysed (n= 15 )
in Load group

Analysed (n= 15 )
in No Load group

Figure 4.2 The study flow chart
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Table 4.2. Inclusion and exclusion criteria for the study
Inclusion Criterion
• Between the ages of 18
and 45 years old
• Answers no to all
questions on the PARQ
• Doing vigorous exercises
at least 3 / week
• Backpack training
experience (e.g., Military
or Hiking) for backpack
group only

Exclusion criterion
•
•
•
•
•
•
•
•
•

•
•

•
•
•
•

•

Age below 18 or older than 45
Diagnosed balance or vestibular disorder
History of low back pain in the previous six
months
History of fracture or surgery in the lower
extremity, spine, or upper extremity in the
last six months.
History of neurological injuries or diseases
such as Multiple Sclerosis, Parkinson
Disease
History of Rheumatologic condition
History of Fibromyalgia.
Previous or current history of any numbness
or tingling when arms are elevated overhead
for the duration of or fewer than 30 seconds.
Skin sensitivity to adhesive electrodes,
permanent markers, and hair shaving which
is potentially necessary following safety
guidelines outlined by the National Institutes
of Neurological Disorders and Stroke
Sensitivity or precautions that prevent them
from being exposed to laser IIIA light
History of heart disease, stroke, cardiac
pacemaker or implanted cardiac defibrillator,
epilepsy or seizures, migraines or severe
headaches, cancer
Currently pregnant or breastfeeding
Currently taking pain relieving medication or
neuro inhibiting or stimulating medication
Has metal implants anywhere in the neck, or
shoulders (excluding dental work) including
cochlear implants
Participant demonstrates a cognitive status
that does not allow the individual to
consistently comprehend and repeat back
directions regarding the details of the study
Answers yes to any questions on the Physical
Activity Readiness Questionnaire PARQ
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Protocol
This study was a quasi-experimental cross-sectional design with multiple periods of data
collection over an approximately three-hour window (Table 4.3). Data were collected
before and at multiple predetermined time points after completing a 2-hour, leveled
treadmill walk (5.5–7 km/h) to capture how neuromuscular function recovers following
the walking task for both groups. The load group carried a 20.5 kg backpack on their
shoulders and a BlueGun Firearm Simulator, AR-15 A2 carried in their hands during the
walking task. At baseline, the following dependent measures were taken (shoulder
strength and endurance, axillary nerve amplitude and latency, and shooting accuracy) the
procedures of each detailed below. The repeated testing of all dependent measures was
performed at predetermined time points at the recovery phase, to capture how
neuromuscular function recovers following the walking task if change exists. (Table 4.3)
Ultrasound imaging of the upper trapezius for the dominant side will be collected and
recorded (GE LOGIQ e, General Electric Medical, Milwaukee, WI, USA) 121. The
thickness of the upper trapezius and overlying soft-tissue was recorded at baseline only.
The width measures were collected to determine if a correlation exists between them and
the dependent measures in another study. Heart rate “HR” was monitored at baseline and
throughout testing with a heart rate monitor applied to the participant’s chest (Polar FS2c,
Polar Electro, Oy, Kempele, Finland). Participant’s target zone from 50-90% calculated
to assure adequate effort and to prevent overexertion for safety purposes during the
walking task.107 HR was collected every five minutes during the walking and recovery
phase (Table 4.4). Rating of perceived excursion “RPE” for physical fatigue scale (0
representing easy -10 extremely hard) was collected at 30 minute time intervals during
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the 2 hour walking task.122,123 The study protocol was designed to create considerable
physical fatigue in both groups according to both their RPE scores and heart rate levels.
The load group RPE was significantly higher across the walking task at all time points
(Figure 4.2). However, the objectively measured heart rate levels were not significantly
different between the groups at any time point suggesting the treadmill task produce
equal physiological fatigue in both groups.(Table 4.4)
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Table 4.3 Testing procedures across time points
Time point (min)

0

Nerve function test





Shoulder strength
and endurance











Shooting accuracy











Skin temperature











Perceived rate of
excursion
Trapezius
Ultrasound

30 60 90 120 125 130 135 140 145 150















Heart rate every 5
min
Baseline Walking task
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Recovery









30 min

60 min

90 min

120 min

5.9 ± 1

6.8 ± 1

7 ± 0.8

7.8 ± 1.4

4±1

4.2 ± 1.3

4.8 ± 1.2

5.6 ± 1.7

Figure 4.2 RPE physical fatigue scale results. (0-10): zero= extremely
easy, 10= extremely hard. Pairwise comparison showed a significant
difference between the two groups (P < 0.001) in all time point
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Table 4.4 Heart rate results. Repeated measures ANOVA showed no significant overall
effect between groups, P = 0.191, however, there is a significant effect on both groups
HR overtime, P < 0.001

Heart Rate HR

Load Group (N=15)
Mean ± SD

No Load Group (N=15)
Mean ± SD

Pairwisecomparison

0 min of walking

71 ± 5.6

79 ± 14

P = 0.047

10 min of walking

130 ± 14

120 ± 15

P = 0.092

30 min of walking

136 ± 14

124 ± 12

P = 0.027

60 min of walking

137 ± 14

124 ± 12

P = 0.011

90 min of walking

131 ± 17

125 ± 15

P = 0.286

120 min of walking

139 ± 12

129 ± 13

P = 0.061

10 min post-walking

92 ± 12

92 ± 13

P = 0.945

20 min post-walking

93± 13

88 ± 15

P = 0.298

30 min post-walking

86 ± 12

84 ± 12

P = 0.727
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Methods of Data Collection

Shoulder Abduction Torque
Maximum isometric abduction for 30 seconds utilized to measure the change in shoulder
strength and endurance. In a sitting position, the subjects produced a maximal torque in
Newton meter (Nm) at 90° abduction for 30 seconds against the dynamometer (BTE
Primus, Hanover, MD).102,103 The 90° angle was confirmed with a standard goniometer.
Practice sessions of six seconds used to familiarize the subject with procedures at
baseline only. Shoulder abduction testing was repeated every 10 minutes during recovery.
Ten minutes interval selected to avoid carryover fatigue during recovery testing.106

Shoulder abduction torque data analyses
Shoulder endurance obtained by calculating the 30 seconds trial angular impulse
produced in each trial. Angular impulse represents the toque produced between two time
points. Angular impulse calculation is based on Trapezoidal integration method. The
equation for the trapezoidal method is = ∆𝑡 [

𝐹1 +𝐹2
2

] where ∆𝑡 is the time difference, and 𝐹𝑖

is the sampled torque.102,124 The angular impulse represents endurance by calculating area
under the curve, represents the summation of all the angular impulse during the entire 30
seconds. The data were sampled at 100 Hz providing data at every 0.01 seconds. The sum
of all trapezoids was calculated and reported in units of Nm*S with higher values
representing greater endurance.102 The abduction strength was calculated by taking the
average torque produced between the first 2-5 seconds of each trial to allow torque to be
generated. This was the manufactures recommendation. Other methods were investigated,
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using peak value and average of first 5 seconds but did not alter results of the strength
measured in this study (Figure 4.3).102,125-127 Reliability of abduction strength and
endurance using BTE was found to be good (Table 4.5)
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Newtonmeter

Time

Strength

Angular Impulse

Figure 4.3 Strength and endurance effort for 30 seconds trail.
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Axillary Motor Function
Axillary nerve motor fibers tested to track the performance changes in shoulder nerve
function with the walking task. The subjects were seated comfortably with their tested
dominant (right) arm rested on their thighs. The skin preparation performed following the
standard procedures; the disposable adhesive electrodes placement demonstrated in
(Figure 4.4).104 A series of electrical stimuli given through Erb’s point (CADWELL,
Sierra Wave, Kennewick, WA, USA) until reaching the supramaximal threshold for
deltoid response. Supramaximal threshold was achieved when no increase in motor
amplitude milli-volts (mV) observed with the stimulus increase. Electrical stimulation
started at 30 milli-amperes (mA) current and incrementally increased by 10 (mA) until
the supramaximal threshold obtained. The probe location was marked with a permanent
marker to minimize the re-placement error between measures. Subsequent tests
performed using the baseline parameters in order to determine how neuromotor function
is affected and recovered when giving the same level of stimulus. Axillary nerve
amplitudes recorded from Erb’s point stimulation every 5 minutes during the 30-minute
recovery. Reliability of this procedure for both latency and amplitude were found to be
good (Table 4.5)
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Figure 4.4 Axillary nerve testing settings and placement
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Shooting accuracy
A decrease in shooting accuracy may indicate the diminished shoulder sensorimotor
function. This is consistent with proprioception measures of greater error with fatigue.128
For shooting accuracy assessment, we used a laser gun and target (Laser Score Tyme
Versus™ Kit, Cottonwood, AZ, USA). The distance from the target was five meters.
Each participant was required to shoot ten shots within 15 seconds while in a standing
position and arm elevated 90° to simulate shooting a real gun. The laser target displays
the accuracy score after each trial.129 The higher the score, the more accurate the
participant was at shooting. The participants were given at least four 15 second practice
trials or until the practice trials showed a consistent effort as demonstrated by a
coefficient of variance equal to or below 10 percent. Coefficient of variance was
calculated using the following formula, [coefficient = (3 consecutive trails standard
deviation/3 consecutive trails mean score)*100]. The accuracy score is the mean of three
trials at each time point. No practice trials after baseline familiarization. Shooting
accuracy was found to have a high level of within day reliability (Table 4.5).
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Table 4.5 Testing within day ICC, SEM, and MDC from 10 subjects
Test 1

Test 2

Mean± SD

Mean± SD

Latency
(ms)

3.68±0.3

Amplitude
(mV)

Method

ICC

CI [LB, UB]

SEM MDC90

3.66±0.3

0.92

[0.72, 0.98]

0.08

0.33

7.74±2

7.62±2

0.96

[0.85, 0.99]

0.42

0.81

Endurance
(Nm*sec)

1013±590

977±580

0.99

[0.96, 0.99]

49

136

Strength
(Nm)

40±25

37±24

0.98

[0.9, 0.99]

3.2

6.75

Laser Ave
score

75±7.5

78±6.7

0.85

[0.41, 0.96]

2.72

11
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Statistical Analysis
The first aim of this study was to determine if there was a significant difference
between the load and no load group following the treadmill walking task. We
hypothesized that the load group would be significantly lower than the no load group in
strength, endurance, accuracy, nerve amplitude, and latency following the treadmill
walking task. The second aim of this study was to determine the time needed for the
dependent measures to recover following the treadmill walking task. We hypothesized
that the no load group would recover faster compared to the load group in all dependent
measures. All data examined for normality using the Shapiro-Wilk test (Table 4.6). The
data for aim one were normally distributed. Therefore for aim one, the data were
analyzed with the parametric repeated-measure two-way ANOVA to test the dependent
measures (group*time interaction) following the walking task. The data for aim two were
normally distributed at all time points for both groups. For the second aim, the data were
analyzed with the parametric repeated-measure two-way ANOVA with time as the within
factor and group as the between factor. A Bonferroni post-hoc analysis was performed if
a significant difference was found to determine the specific difference that occurred. As
data was collected at different frequencies strength, endurance and shooting accuracy was
collected at 4 time points after the treadmill task therefore the corrected p value was (p =
0.0125). The nerve amplitude and latency were collected at seven time points after the
treadmill walking task the corrected p value was set at (p = 0.007). All the statistical
analyses were done using IBM Corp. Statistical Package for Social Sciences Released
2017 (SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp).
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Table 4.6 The significance value for all dependent measures as determined by a ShapiroWilk test of normality

Time
points
Baseline

120 min

125 min

130 min

135 min

140 min

145 min

150 min

Group

Latency

Amplitude Endurance Strength

Load
No
Load
Load
No
Load
Load
No
Load
Load
No
Load
Load
No
Load
Load
No
Load
Load
No
Load
Load
No
Load

0.059

0.404

0.157

0.184

Shooting
accuracy
0.126

0.659

0.049

0.114

0.241

0.736

0.771

0.603

0.024

0.038

0.151

0.088

0.013

0.328

0.055

0.988

0.274

0.006

0.930

0.038

0.526

0.135

0.252

0.661

0.412

0.389

0.019

0.611

0.694

0.162

0.705

0.204

0.823

0.019

0.735

0.187

0.485

0.875

0.017

0.089

0.018

0.171

0.510

0.734

0.469

0.090

0.185

0.046

0.338

0.211

0.046

0.034

0.412

0.019

0.201

0.914

0.691

0.003
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Results
Aim 1 results
Shoulder Abduction Torque
Shoulder strength was found to have a significant interaction from baseline to
immediately post walking. The Load group strength decreased over time compared to No
load group (P = 0.008). Post hoc analysis revealed that the Load group shoulder strength
reduced to (39 ± 11.5 Nm) after walking compared to baseline (51 ± 16 Nm) (P < 0.001)
while there was not a meaningful change in the no load group (P = 0.442) (Table 4.7).
Endurance was found in the load group to have a trend toward a difference compared to
the no load but did not reach statistical difference (P = 0.081). There was a main effect
for time in which both groups were found to have a decrease in endurance following the
treadmill walking task from (1336 ± 416 Nm*s) at baseline, to (1239 ± 427 Nm*s) after
walking (p=0.034) (Table 4.7).
Axillary Motor Function
Amplitude was found to have a significant interaction from baseline to immediately post
walking. The Load group amplitude decreased over time compared to No load group (P <
0.001). There was a significant change in axillary nerve amplitude for both groups after
walking. However, that change was amplitude reduction for load group, and amplitude
raise in No load group (Table 4.7).
Latency was found to have a no interaction from baseline to post walking (P = 0.645).
Shooting accuracy
There was no interaction between the two groups over time (P = 0.648). No significant
main effects for time and group were found with shooting accuracy (Table 4.7).
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Table 4.7 Analysis results pre and post walking, within and between group comparisons
Dependent
Strength
Nm

Endurance
Nm*sec

Group\ Time Baseline
Load
51 ± 15
No Load
51 ± 16

120 min
39 ± 11.5
50 ± 19

P = 0.305

P = 0.069

P = 0.908

Group\ Time Baseline
Load
1312 ± 413
No Load
1359 ± 432

120 min
1136 ± 356
1341 ± 478

P = 0.403
Amplitude
mV

Latency
ms

Group\ Time Baseline
Load
9.5 ± 2.7
No Load
9.2 ± 2.4

120 min
8.2 ± 2.7
9.8 ± 2.7

P = 0.499

P = 0.126

P = 0.784

Group\ Time Baseline
Load
3.6 ± 0.3
No Load
3.5 ± 0.3

120 min
3.5 ± 0.3
3.5 ± 0.3

P = 0.623
Shooting

Group\ Time Baseline
Load
75.8 ± 9.6
No Load
76.7± 6.5

120 min
75.8 ± 10
74.8± 8.6

P < 0.001**
P < 0.001**
P = 0.442
Group*Time
P = 0.008**
P = 0.034**

Group*Time
P = 0.081
P = 0.057
P < 0.001**
P = 0.048**
Group*Time
P < 0.001**
P = 0.005**

Group*Time
P = 0.645
P = 0.462

Group*Time
P = 0.648

P = 0.607
** Indicates a significant level below 0.05
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Aim 2 results
Shoulder Abduction Torque
Examining the dependent measure of strength there was a group by time interaction (P =
0.037). Strength in the load group was significantly decreased from baseline until 30
minutes post walking based on the Boneferroni post hoc analysis. The no load group was
found to never significantly lose shoulder abduction strength (Figure 4.5).
The measurement of endurance was found to not have a significant group by time
interaction (P = 0.246). Looking at the endurance main effect, we found almost a
significant Time main effect (P= 0.054) (Figure 4.6).
Axillary Motor Function
Amplitude group and time interaction was significant (P = 0.029), recovery needed only
5 minutes following the 120 minutes of walking for Load group to recover. No load
group amplitude did not change after the walking task (Figure 4.7). The latency group
and time interaction were not significant (P = 0.168), and no significant time or group
main effect.
Shooting accuracy
The shooting accuracy group and time interaction was not significant (P = 0.746), and no
significant time or group main effect.
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Strength “Nm”, (group* time; P = 0.037*)
55
53
51
49
47
45

*

43
41

*

39

*
Load
No Load

37
35
0 min

120 min

130 min

140 min

Figure 4.5 Strength aim 2 results.
* Indicates a significant difference from the same group baseline
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150 min

Endurance “Nm*s”, (group*Time) P = 0.246, (Time main effect) P= 0.054
2500

2000

1500
Both
groups

1000

500

0

0 min

120 min

130 min

140 min

Figure 4.6 Endurance aim 2 results
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150 min

Amplitude “mV”, (group*Time) P = 0.029*
16
14

*

12
10

Load

8
No Load
6
4
2
0
0 min

120 min

125 min

130 min

135 min

140 min

145 min

Figure 4.7 Amplitude aim 2 results.
* Indicates a significant difference from the same group baseline
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150 min

Discussion
In this study, we aimed to test the effect of load carriage on shoulder
neuromuscular functions and their recovery if decrements exist. Also, we compared the
findings with no load walking to determine if the effect is occurring due to load stress or
fatigue effect. The study aims were driven by two theories. The first theory was
suggested by (Knapik, 1996; Holwijn, 1990; Wilson, 1987) that shoulder soreness and
weakness are occurring as a result of load carriage altering brachial plexus nerves
functions.21,33,34 The second theory (Knapik, 2016; Birrel, 2009; Roy, 2012; Grenier,
2012) attributed the changes occurring with load carriage as a result of muscular and
physical fatigue.6-8,35 The findings of this study contribute to the efforts of understanding
the shoulder changes with load carriage. The findings support that the greatest change
occurred in strength and motor amplitude was affected by load carriage on the shoulder.
However, this was not a consistent for all dependent measures so it only partially
supports the load carriage theory suggested by Knapik.

Physical Fatigues
The heart rate measured throughout the study agreed with previous studies that
walking both with and without load carriage for 2 hours causes fatigue.130 The perception
of effort was greater in the load carriage group but the physiological measures of heart
rate suggested that both groups were fatigued to similar levels. These results could be
affected as not everyone in the no load group had the same history of regularly carrying
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backpacks which could indicate that there physical conditioning was not as good as the
others which is a limitation of this study.

Shoulder Abduction Torque
The shoulder abduction strength was reduced significantly by 24% after 2 hours
of load carriage and returned to baseline at 30 minutes of recovery. In No Load group, the
strength was not significantly different when compared to baseline after 2 hours walking
and 30 min recovery. There was a significant difference between load and no load
walking groups. The findings of the present study supported the hypothesis that load
carriage causes greater decreases in muscle strength compared to No load carriage. These
results support the findings published by Clarke et al131. Which they observed smaller
decreases in knee extensor by 8% and flexor by 6% peak torque after 27 kg loaded
walking. Walking alone for two hours causes physical fatigue,130 but that fatigue did not
cause a significant decrement in shoulder strength after walking with no load. Comparing
the two groups, we could say that load carriage increases the strength loss in shoulders,
and adequately a heavier weight or a larger sample could if showed a larger difference
between the two conditions, especially the endurance. The decrement in strength in
relation to the increase in load carriage was studied by Blacker, 201023 when they
measured the strength across different weights. Endurance is another indicator of muscle
fatigue; in our study, endurance was reduced by 14% in the load group and no change in
No load after walking. No other study measured the immediate recovery after load
carriage to compare our study to their findings. The testing procedure’s exhaustive nature
might affected the extended recovery period.106 Ten minutes rest in between, was selected
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based on another study where 10 and 15 minutes rest in between did not show any
significant difference in back isometric strength.106 Larivière et al., 2003106 found no
difference in trunk extension muscle activity between 10 and 15 minutes recovery
allowed after multiple 30 seconds fatiguing task. Extreme load carriage 21 hours march
carrying 43 kg backpack study measured the isometric knee extensor force before and
following the protocol. The study showed a significant decrement in knee extensor force
by 14% immediately following the task.8 Load carriage has an impact on muscle strength
that causes fatigue. Another way to support that load carriage has an impact on shoulder
strength and endurance compared to No load, is looking at the change utilizing the
minimal detectable change MDC. The MDC for both measures were beyond that after
walking for 2 hours carrying load. In no load group, the change was way below the
MDC. This confirms that adding load, time, or having a larger sample could have shown
a significant difference between the two groups. Determining the load effect on causing
nerve injury will allow us to compare between the two theories.

The shoulder abduction strength was reduced significantly by 24% after 2 hours of load
carriage and it required 30 minutes for shoulder strength to recover while the no load
group shoulder strength did not change. These findings support both hypotheses proposed
in this study. Strength was the only dependent measure tested that supported both
hypotheses. Additionally, these results agree with previous research examining knee
extensor and knee flexor strength decrements of 8% and 6%, respectively.131 This finding
is also consistent with previous research by Blacker who examined strength deficits in the
lower extremity and found greater strength deficits with increasing load carriage
amounts.
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Shoulder endurance was measured in this study as an indicator of shoulder muscle
fatigue. Shoulder endurance was not affected by load as both groups demonstrated trends
toward decreased shoulder endurance following the two-hour walking task but did not
reach statistical significance. Re-examination of shoulder muscle endurance was
performed every 10 minutes in this study based on previous research showing no
difference between 10 and 15 minute recovery for isometric back testing.106 The task was
demanding to produce maximal effort shoulder abduction for 30 seconds accounting for
why we allowed greater recovery time for this activity compared to other dependent
measures.

Shoulder abduction strength and endurance were examined as these stress the shoulder
musculature often injured.26,99 Strength and endurance deficits have been previously
identified as risk factors for causing overuse injuries in the shoulder.132 The current study
support that load carriage during walking can have negative effect on strength which
supports in part concept of load carriage leading to shoulder injuries purposed by
Knapik.21

Nerve amplitude and latency
Axillary nerve latency measured by nerve conduction velocity was not affected in
this study by fatigue or load carriage. This may be due to the fact that nerve latency is
generally affected by changes in myelin following trauma. The procedures followed in
this study regarding loading and length of walking may not have been adequate to cause
changes in myelin. However temporary change in motor amplitude were observed
immediately following walking task but recovered within 5 minutes following removal of
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the load. This would again suggest that there were perhaps inadequate challenges placed
on the participants to create a significant alteration in nerve function. These results
support that load carriage can alters the motor output. The effect of load on nerve output
found that 75% of muscle strength loss due to interruption of motor recruitment in animal
models.117 Lower loads of 12 kg load carriage for 10 minutes has been found to decrease
brachial artery flow by 40%.57 In the current study vascular flow was not measured but
may account for the lower strength values observed. With motor amplitude recovery
occurring so quickly it is unlikely that lack of nerve output was causing lower shoulder
strength measures. Nerve function was only assessed for axillary motor function,
therefore it is possible that other nerve function affecting rotator cuff, trapezius, and
serratus anterior which all contribute to arm elevation may have been altered. Pilot testing
prior to commencing the study revealed that we could not capture supraspinatus nerve
latency or motor amplitude in a reliable manner unfortunately.

Shooting accuracy
Shooting accuracy remains at the same level and never changed across both
groups. Previous research has observed that the reduction in muscle and nerve functions
affect neuromuscular coordination.120 The current study findings differ from previous
research, where they have noticed a reduction in shooting accuracy post backpack
walking.25 Researcher reported that load carriage reduced the shooting accuracy in active
duty soldiers, and their shooting recovered quickly.27 It is likely that the lack of shooting
experience in our cohort was a major contributor to this finding. The participants were
given adequate practice prior to commencing the study to have relatively consistent
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performance. Due to the fact that nearly all participants had not shot at a targets
previously they were still learning and therefore they were still in a learning curve even
though they were somewhat fatigued. The challenge of the shooting task using a pistol
five meters away may not have been challenging enough to see decrement in function
following the treadmill walking task.

Conclusion
The two theories proposed by previous research were that load carriage or fatigue
creates deficits in shoulder neuromuscular function.84,132 The current study findings of
significant deficit in shoulder strength support the concept that load carriage was a main
contributor for these results. Unfortunately, only one other finding of momentary
alteration of motor amplitudes support this finding also. The limitations mentioned above
and the fact that the sample size was small suggest that a follow up study to further
investigate these concepts is needed. The results preliminary support that load carriage is
contributor to diminished shoulder neuromuscular function. Implementing a shoulder
strengthening training program and identifying strategies to minimize nerve compression
may help in reducing the load effect on shoulders, especially in newly recruited cadets
who are at the greatest risk for load carriage injuries.
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CHAPTER 5. SUMMARY
The primary purpose of this dissertation was to observe the changes occurring in
the neuromuscular system over time in response to heavy backpack carrying while
walking. The secondary purpose was to compare the neuromuscular system changes
resulting from backpack walking with the effect of walking alone.

Hypotheses and Findings for Specific Aim 1
Hypothesis 1.1 We hypothesized that axillary nerve distal latency and amplitude would be
significantly less after the treadmill task compared to baseline.
Finding 1.1 This hypothesis was partly accepted as amplitude was significantly less after
the treadmill task, while latency did not change.

Hypothesis 1.2 We hypothesized to see a significant reduction in deltoid muscle strength
and endurance following the treadmill task compared to baseline.
Finding 1.2 This hypothesis was accepted as the results showed a significant loss in
muscle strength and endurance following the treadmill task.

Hypothesis 1.3 We hypothesized that shooting performance would be significantly less
following the treadmill task compared to baseline.
Finding 1.3 This hypothesis was accepted as the shooting score was less following the
treadmill task.
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Hypothesis 1.4 We hypothesized that axillary nerve distal latency and amplitude would
take less than 30 minutes to recover following the treadmill task.
Finding 1.4 This hypothesis was accepted as latency did not change and amplitude
recovered in 15 minutes.

Hypothesis 1.5 We hypothesized that deltoid muscle strength and endurance following
treadmill task would take less than 30 minutes to recover following the treadmill task.
Finding 1.5 This hypothesis was partly accepted as strength recovered in 10 minutes while
endurance did not recover by 30 minutes when testing was discontinued.

Hypothesis 1.6 We hypothesized that shooting performance would take less than 30
minutes to recover following the treadmill task.
Finding 1.6 This hypothesis was accepted as the shooting accuracy recovered in 10
minutes.

Hypotheses and findings for the second aim
Hypothesis 2.1 We hypothesized that axillary nerve distal latency and amplitude would be
significantly less in the load group after the treadmill task compared to No load group.
Finding 2.1 This hypothesis was partly accepted as amplitude after the treadmill was
significantly less in the load group compared to the No load group.

Hypothesis 2.2 We hypothesized to see a significant reduction in deltoid muscle strength
and endurance following the treadmill task in load group compared to the No load group.
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Findings 2.2 This hypothesis was partly accepted as strength following the treadmill task
was less following the treadmill task in the load group compared to the No load group.

Hypothesis 2.3 We hypothesized that shooting performance would be significantly worse
following the treadmill task in the load group compared to the No load group.
Finding 2.3 This hypothesis was rejected as there was no change or difference in the load
group compared to the No load group.

Hypothesis 2.4 We hypothesized that axillary nerve distal latency and amplitude would
take a longer recovery time in the load group compared to the No load group.
Finding 2.4 This hypothesis was partly accepted as the amplitude was not changed in the
No load group and changed and recovered in five minutes for the load group, while
latency did not change.

Hypothesis 2.5 We hypothesized that deltoid muscle strength and endurance following the
treadmill task would take a longer time to recover in the load group compared to the No
load group.
Finding 2.5 This hypothesis was accepted as the No load group strength and endurance
were not changed, while the load group changed and recovered in 30 minutes.

Hypothesis 2.6 We hypothesized that shooting performance would take longer to recover
in the load group compared to the No load group.
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Finding 2.6 This hypothesis was rejected as the shooting score did not change in both
groups.
Synthesis and Application of Results
The overall purpose of this dissertation was to investigate the change in shoulder
neuromuscular function as a result of shoulder loading after load carriage. Measuring the
shoulder neuromuscular system prior to and following load carriage facilitated an
understanding as to what extent each component of the system is affected and how quickly
these components recover following a stressful event. This knowledge will help guide
health care professionals and administrative authorities to develop training programs to
minimize injury in the future. The lack of studies that investigated the actual mechanism
of load carriage and its role to cause shoulder pain and injury, combined with the high
number of non-traumatic shoulder injuries particularly in the military was the impetus for
this research.
Two current theories, in the literature suggest that shoulder symptoms associated
with load carriage result from either nerve compression or physical fatigue. The findings
from the two studies demonstrated the change in the shoulder (strength, endurance, and
amplitude) resulted from nerve compression with load carriage. Knowing that the
amplitude decreased following the walking task without change in nerve latency, suggests
that the load carriage affected the motor output capacity of the tested nerve and muscle,
not the nerve connectivity.
The perceived physical fatigue was higher among the load group participants
compared to no load group during the treadmill task. However, heartrate throughout the
study suggest that both groups fatigued equally. Examining the two theories within the
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context of our study’s findings, we observed that walking without load and reaching
fatigue did not alter the shoulder neuromuscular measures. The neuromuscular changes of
amplitude were primarily in the load group suggesting that load carriage primarily affects
the neural changes observed with the motor amplitude measurement. The strength
remained below the baseline values and recovered at thirty minutes of recovery. This led
to the importance of implementing strength and endurance training program for people
expected to carry heavy loads as part of their jobs or training, to minimize the
consequences associated with load carriage. The lack of load carriage experience is a risk
factor for high shoulder injury rates in special groups such as military and backpack
hikers. The decrement in muscle strength and fatigue reduces the performance ability for
deployed military personnel. This could be life a threatening condition if muscles were
extremely fatigued and compromised the shoulder ability to function correctly.
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APPENDIX
Data collection Sheet for Backpack Study
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